Abstract-Responses to 1.8 MeV proton irradiation and 10-keV X-ray irradiation under typical bias conditions are investigated for AlGaN/GaN HEMTs fabricated with different types of process technologies. We find that, in contrast to previous generations of process technologies, total ionizing dose effects can be significant in these devices. For proton irradiation, worstcase bias for transconductance degradation for GaN-on-SiC substrate devices is ON bias, and for devices built on freestanding GaN substrates, the worst-case bias condition is semi-ON bias. Low-frequency noise measurements demonstrate that these differences result from differences in defect types and energy distributions for the different types of devices, both before and after irradiation. These results emphasize the need to test devices under a wide range of conditions during characterization and qualification testing.
I. INTRODUCTION
A lGaN/GaN high electron mobility transistors (HEMTs) are widely used in space-based, high-power, and high -frequency electronics due to the large bandgap (3.4 eV), high breakdown electric field and high mobility two dimensional electron gas (2DEG) at the AlGaN/GaN heterointerface [1] , [2] . The radiation response and reliability of AlGaN/GaN HEMTs are the subjects of intense research [3] - [14] . Recent work has shown that the sensitivity of AlGaN/GaN HEMTs to proton irradiation can be greatly enhanced by high-field stress during irradiation, with the semi-ON bias condition demonstrated in [12] to be worst-case for both threshold-voltage shifts and transconductance degradation for those devices. Moreover, significant shifts in threshold voltage have been observed for other research-and industrialgrade devices during 10-keV X-ray irradiation [13] , [14] .
In this work, we report the effects of 1.8 MeV proton irradiation, 10-keV X-ray irradiation, and high-voltage stress on AlGaN/GaN HEMTs fabricated at the University of California, Santa Barbara, with two different processes, for a range of typical bias conditions [3] , [12] . Threshold voltage shifts and degradation in peak transconductance are extracted before and after irradiation. The worst-case response for transconductance degradation is observed for the "ON" bias condition, in one kind of devices, and "semi-ON" for another. Significant total-ionizing dose (TID) effects are observed during 10-keV X-ray irradiation in each type of device. Low-frequency noise measurements are performed to evaluate the types of defects and the resulting defect energy distributions both before and after proton irradiation, for these devices. We compare these results with those from a previous study of commercial devices processed by Qorvo, Inc.
II. EXPERIMENTAL DETAILS
AlGaN/GaN HEMTs were fabricated on AlGaN/GaN heterostructures grown by Ga-rich plasma-assisted molecular beam epitaxy (PAMBE) with 700 nm unintentionally doped (UID) GaN on GaN substrates grown by MOCVD on (A) SiC or (B) n-type free standing (FS) GaN substrates, as shown in Fig. 1 . A two-step carbon-doped buffer was included in the re-growths on FS GaN, reducing the d U I D to 200 nm; for details, please see [15] . The width of the devices is 150 μm. The gate has the shape of an inverted trapezoid, with a length (L G ) of 0.7 μm. The gate-to-drain separation (L G D ) is 1 μm and the gate-to-source separation (L G S ) is 0.5 μm.
The HEMTs were irradiated with 1.8 MeV protons (range ∼ 20 μm) to a fluence of 10 14 /cm 2 at a flux of 2 × 10 13 protons/h using the Vanderbilt Pelletron [9] , or with 10-keV X-rays using an ARACOR Model 4100 irradiator to a dose of 2 Mrad(SiO 2 ) at a rate of 31.5 krad(SiO 2 )/min at room temperature. Proton irradiations were performed under four different bias conditions: (1) GND (V ds = 0 V,
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III. EXPERIMENTAL RESULTS AND ANALYSIS

A. Proton Irradiation: GND Bias
Fig . 2 shows the I d -V g curves for AlGaN/GaN HEMTs before and after proton irradiation with all pins grounded. Increasingly positive threshold voltage shifts are observed with increasing fluence in both samples, indicating an increase in net negative charge as a result of the creation of deep acceptor traps. These have been attributed to N vacancy-related defects in our previous work [3] , [11] . Fig. 3 shows the peak transconductance G m degradation and V th shift vs. fluence for these devices. In Fig. 3(a) the peak G m degrades about 7% after a fluence of 10 14 cm −2 for the GaN on SiC devices and degrades by about 12% for the FS GaN substrate devices. However, in Fig. 3(b) the GaN on SiC devices show larger positive V th shifts (0.4 V at 10 14 /cm 2 ) than the FS GaN substrate devices (0.27 V at 10 14 /cm 2 ). At low fluence, a small increase in peak G m is observed in the GaN on SiC devices, while a negative V th shift is observed in the FS GaN substrate devices. This change suggests at least two different kinds of defects likely contribute to the radiation response. This should not be surprising, given the large number of defects shown to significantly affect the response of irradiated or electrically-stressed AlGaN/GaN HEMTs in previous studies. These include Ga-vacancy and N-vacancy-related defects [7] , [12] , O [4] , [17] and Fe [18] related impurities, hydrogenated point defects [4] , [19] , and others [20] . Fig. 4(a) , the peak G m first increases by 6% at low fluence and then drops to 95% of the original value by 10 14 /cm 2 . Only a positive shift in G m is observed for OFF-state bias stress (no irradiation) for the same amount of time. As shown in the inset, the shape of the G m vs. V g -V th curve and position of the G m peak do not change significantly during OFF-bias stress with no proton irradiation. In Fig. 4(b) , the value of G m for the FS GaN substrate devices increases slightly at low fluence, and drops to 88% of its initial value by 10 14 /cm 2 . In each case, at 10 14 /cm 2 fluence, the OFF state bias degradation caused by proton irradiation is similar to the degradation under GND bias. The significant increase in peak G m in Fig. 4 (a) is caused by bias-induced passivation of pre-existing, charged defects. The results of Fig. 4 suggest there is a larger density of pre-existing charged defects in these GaN on SiC devices than for the FS GaN substrate devices.
B. Proton Irradiation and Stress: OFF Bias
The V th shifts for these devices are shown in Fig. 5 . For proton irradiation under OFF-state bias stress, in each case a negative shift in V th is observed at low fluence that is similar to the pure bias stress results. Increasingly positive V th shifts are observed with increasing fluence for each type of device. The V th shifts in each case for OFF-state bias irradiation are less positive than those observed for irradiation under positive bias. The initial decrease in threshold voltage for the OFF state devices is evidently caused by voltageinduced passivation of acceptor defects. The threshold voltage subsequently increases at a rate similar to that of the OFF state devices. The relatively small shift in V th at a fluence of 10 14 /cm 2 evidently results from the fortuitous compensation of radiation-induced acceptor and stress-induced donors under these irradiation and stress conditions. The positive shift due to proton irradiation is once again most likely due to the creation of N-vacancy-related acceptor defects at a rate that does not strongly depend on the applied bias [7] , [12] . The negative shift due to bias-stress results at short times and low proton fluences from the passivation of pre-existing charged defects, as discussed above. At longer stress times and/or higher proton fluences, bias-stress induced dehydrogenation of previously passivated point defects and/or impurities leads to the creation of new donor traps, as often observed in AlGaN/GaN HEMTs [4] , [12] . Stress   Fig. 6 shows peak G m degradation for ON and semi-ON bias conditions. Results for control parts subjected to similar biases for the same amounts of time are also shown. In the ON state, V gs -V th = 5 V and the drain current I d is 90 mA in both types of devices, and in the semi-ON state, V gs -V th = 2 V and I d ∼ 40 mA. Under these bias conditions, the peak G m decreases monotonically in all cases. Clearly, the peak G m degradation is much larger when devices are irradiated under bias than when they are just subjected to pure voltage stress. The worst case bias condition is different for the two device types. For GaN on SiC devices, the peak G m degrades by 31% at a fluence of 10 14 cm −2 when irradiated V th shifts for the ON and semi-ON bias conditions are shown for these devices in Fig. 7 ; irradiation results for GND bias conditions and pure stress results are again shown for comparison. In contrast to GND-bias irradiation, V th shifts are negative for the devices biased in the semi-ON condition for the GaN on SiC devices in Fig. 7(a) . In the ON condition, the V th shift is initially negative, and then becomes slightly positive at higher fluence. For the devices on FS GaN substrates in Fig. 7(b) , when devices are irradiated with semi-ON bias, V th initially shifts negatively at lower fluence and then positively at higher fluence. On the other hand, devices irradiated in the ON state bias condition show monotonically positive shifts that are smaller than the shifts in devices irradiated with all pins grounded (0.28 V at 10 14 cm −2 ) or devices exposed to pure ON-state bias stress (0.18 V at 5 h). These results again are consistent with a combination of donor and acceptor trap formation during proton irradiation [17] , [21] . For ON-bias irradiation, the creation of acceptor and donor defects evidently occurs at similar rates under these irradiation and bias conditions, leading to nearly offsetting effects on V th , but large G m degradation, because each type of defect contributes strongly to carrier scattering.
C. Proton Irradiation and On/Semi-On State
D. Biased X-Ray Irradiation
The individual and combined effects of voltage stress and 10-keV X-ray irradiation are shown in Fig. 8 and Fig. 9 . For devices irradiated with all pins grounded, no G m degradation is observed for either type of device. But X-ray irradiation leads to significant G m degradation when devices are biased during irradiation. In GaN on SiC devices, a 15% decrease in G m is observed when devices are irradiated under ON-state bias in Fig. 8(a) . This shift is larger than either the shift observed in devices exposed to pure ON-state stress for a similar time (8% at 1 h Fig. 8a ), or for similar devices irradiated under semi-ON bias to 2 Mrad(SiO 2 ), for which a similar 8% decrease is observed (results similar to pure bias stress in Fig. 8a) . Moreover, about twice as much increase in G m is observed in the OFF case for the GaN on SiC devices in Fig. 8(a) . In contrast, X-ray irradiation under ON-state bias leads to less degradation (4% at 2 Mrad(SiO 2 ) in Fig. 8b ) than pure ON-state biased stress (8% at 2 Mrad(SiO 2 ) in Fig. 8b ). Fig. 9 shows that, for both types of devices, X-ray irradiation results in negative V th shifts, indicating in an increase in positive charge and/or a decrease in pre-existing negative charge. The largest V th shifts for each device type are now observed for the OFF-state bias condition, and for each device type, the amount of negative V th shift is about 0.05 V to 0.1 V greater than that observed with pure OFF-state stress at the highest doses and longest times.
10-keV X-rays are too low in energy to result in displacement damage in either the GaN or AlGaN layers of these devices [11] . Hence, the additional degradation in G m and shifts in V th observed in these devices, relative to biasstress alone for similar times, are the results of X-ray-induced electron-hole pair creation. The resulting charge transport can lead to (a) passivation of pre-existing charged defects (acceptors in these devices) by the capture of radiationinduced electrons, and (b) the dehydrogenation of previously passivated defects [7] , [12] . These results reinforce the interpretation of the proton irradiation results discussed above, and add to the growing number of cases in which significant ionization-induced shifts in AlGaN/GaN device parameters are observed, even in devices with no gate insulator [13] , [14] .
IV. DISCUSSION
The results of Figs. 2-9 all strongly suggest that the types of process-and radiation-induced defects and impurities in the two types of devices evaluated in this study are significantly different from ones evaluated in [12] and [14] . Moreover, the results also suggest that the rates of donor and acceptor trap neutralization and/or buildup during bias-temperature stress also differ significantly with device processing and irradiation and/or bias-stress conditions [7] , [12] , [21] , [22] . The difference in observed worst-case bias conditions for peak G m degradation for the GaN on SiC devices in this work and the Qorvo devices of [12] therefore also suggest there likely are significant differences in as-processed and radiationinduced defects in these two different sets of devices.
To obtain additional insight into the defect energy distributions for the GaN on SiC devices of Figs. 2-9 and the Qorvo devices of [12] , we compare the low frequency 1/ f noise of the two types of devices in Fig. 10 . Here we plot the excess drain-voltage noise power spectral density S V (corrected for background noise) as a function of frequency and temperature. The bias voltages are chosen to ensure that the noise originates from the gated portion of the channel, with an approximately constant channel resistance [4] , [7] , [12] . The energy scale on the upper x-axis is derived from the Dutta-Horn model of low-frequency noise [23] , [24] , which has been demonstrated to be applicable to each type of device [4] , [17] . Noise measurements were reproducible from run to run and from day to day on these devices. The statistical uncertainty in the noise measurements is approximately equal to the symbol size. From the temperature dependence of the noise magnitude, we can estimate the shapes of the defect energy distributions D(E 0 ) from low-frequency noise measurements [23] , [24] , via
where E 0 = −kT ln(ωτ 0 ) is the effective defect energy. At low temperatures and energies, the noise magnitude is higher for the as-processed GaN on SiC UCSB devices than the Qorvo devices, which suggests a greater density of defects with low E 0 , such as nitrogen vacancy-related defects and oxygen impurities O N ( [4] , [12] , [19] ). A large peak in noise magnitude at 0.7 eV (due to a N Ga defect [12] ) is observed in the Qorvo devices [12] but not in the GaN on SiC UCSB devices. Because these devices have different types of defects and impurities before irradiation, it is not surprising that irradiated devices might not only have different defects, but also show different bias sensitivities for defect buildup and/or neutralization.
As a further test, we also compare the noise of GaN on SiC UCSB devices before and after proton irradiation with the noise of Qorvo devices in Fig. 11 . Each is irradiated under worst-case bias conditions for that process: ON for the GaN on SiC devices, and semi-ON for the Qorvo devices. For the GaN on SiC UCSB devices in Fig. 11(a) , an increase in defect density is observed at energies from 0.25 eV to 0.8 eV. This result suggests the generation of several different kinds of defects with a range of energy levels. Very little increase is observed at low defect energies. For the Qorvo devices in Fig. 11(b) , in contrast, a significant increase in defect density with irradiation exposure is observed only at low temperature, indicating primarily an increase of low energy nitrogen vacancy-related defects and/or oxygen impurities O N . A decrease in the noise at high temperature is also observed for the Qorvo devices, reflecting a decrease in density of O N -H defects (E 0 0.9 eV) as a result of defect dehydrogenation [4] . Hence, both the as-processed and protonirradiation-induced defect types and energy distributions differ significantly for these devices. These kinds of differences in dominant defect type and density evidently are responsible for the observed differences in worst-case bias conditions for radiation response of AlGaN/GaN HEMTs.
Finally, we note that post-irradiation annealing and time-dependent effects were not evaluated in this study, which focuses on bias conditions during irradiation, but Chen et al. showed that the application of high-voltage stress before or after irradiation exposure can also significantly affect the device response [12] . Moreover, the RF response of these devices is also expected to vary significantly with applied radiation bias [10] , which is important to evaluate in future work.
V. CONCLUSIONS
We have investigated the effects of proton irradiation, X-ray irradiation, and/or hot carrier stress on AlGaN/GaN HEMTs fabricated in two different processes. Both TID and displacement damage effects are observed in these AlGaN/GaN HEMTs. The magnitude of these effects can vary significantly with applied bias during proton or 10-keV X-ray exposure. The worst-case bias condition for transconductance degradation differ for these devices, as compared to those evaluated in a previous study [12] . These results demonstrate that (1) a single worst-case bias condition cannot be defined for all varieties of AlGaN/GaN HEMTs; each technology must be characterized in detail. These differences result from differences in asprocessed and radiation-induced defect types and energies in these devices. (2) In contrast to older generation AlGaN/GaN HEMTs, TID effects can contribute significantly to radiation response in these devices, complicating the interpretation of proton irradiation of newer technologies. This TID sensitivity occurs most likely because the density of native defects in AlGaN/GaN HEMTs is being reduced by improvements in fabrication technology, making TID and displacement damage effects caused by radiation exposure more easily observed.
